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A wind-tunnel investigation was conduct& in   s t r a igh t  and in pitchlng , 
flow t o  determine the effects  of Independently v&TyII1@; aepect r a t i o  and 
angle of  sweep on the longi tudinal   rotary  s tabi l i ty   character is t ics  of a 
ser ies  of ten untapered wings. me had sweep angles of oO, 45O, 
and 60° f o r  each of three  aspect  ratios (1.34, 2.61, and 5.16) and a sweep 
angle of -45O f o r  aspect   ra t io  2.61. 

The iIWeSti@tion showed the  effects of aspect   ra t io  and sweep t o  be 
greatly  interdependent. In every  case the ef fec t  of varying angle of 
sweep increased aa the aspect ratio Increased. 

The damping-in-pitch  parameter generally becams more negative with 
Increasing  aspect ratio o r  esgle of sweep, except at  the lowest sweep 
a n g l e s .  

With increasing angle of sweep, the positive value of the l i f t  due 
to  pitching  decreased  slightly a t  the high aspect  ratio.  The ef fec t  of 
increaslng  aspect  ratio on the lif't due t o  pitching was ei ther   negl igible  
o r  d. 

The maximum Aamping-in-pitch value at zero l i f t  m a  obtained  for &e 
high-aspect-ratio wfng with 60° sweepback and amounted t o  about half of 
the value that would be expected for a conventional  airplane. 

Available  theory is found t o  be qui te   . re l iable  in predicting the 
trend of the variation of damping-in-pitch  parameter  with sweep and aspect 
ra t io .  Theoretical values of the damging in pitch, although aamawhat 
greater in maepitude, were nearly p r o p o r t i d  t o  experimental d u e s .  
For  the models tested, the applicatian of an emgirical  factor t o  the theo- 
re t ical   values  of the  daruping-in-pitch  pmameter m a t e d  i n  good agree- 
m n t  between theory and  experiment. 

INTRODUCTION 

When an airplane rotates about a lateral axis, as when entering 
climbing o r  diving flight, there are, in  addition to the i n i t i a l  s t a t i c  
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forces and moments acting on the airplane,  forces a d  moments result ing 
from the  pitching motion of the airplane. Tha rotary  stabil i ty  darivativas 
associatad  with  these  additional  forces and moments must be kno-m before 
calculations  can be made t o  determine the longitudinal dynEunlc s t ab i l i t y  
of the  airplane  or  the  longitudinal motions of the  airplane af%er a control 
displacement.  Egperimental  determinations of these derivativsa havs bem 
made by ciscillating models in WFnd tunnels and by rotating models on 
whirling-arm  devices. (See references 1 and 2.) Both of these test pro- 
cedures e v e  resu lk  for the damping in   p i tch   bu t   coda   no t  be conveniently 
used t o  determine the other pitching  derivatives. A l l  the  pitching deriv- 
atives can be determined ra ther  simply, however, by the use of a test pro- 
cedure Therein  the model remains fixed and the air stream is  curv2d. This 
method of t es t ing  is  ROW bsing used a t  the Langley s t ab f l i t y  tunnel where 
a colqpmhensive investigation is being conducted t o  determine  the r o t a q  
derivativm of wings of various plan forms. 

The present  paper  ccmtains  the  results of that   par t  of tha investi- 
gation  that  involved  the  testing  in  pitching f l o w  of ten  untapered win@ 
of various  aspsct  ratios and angles of  sweep. Also included  herein i : 3  a 
comparison between experimental data and available  theory. 

S Y M B O L S  

The resu l t s  of these tests are prasented  in  the form of standard 
NACA coefficients of forces and momsnts which are referred  to  the  otabilI  t y  
axes. (%e f ig .  1. ) All momnts are given  about the  quarter-chord p o h t  
of the meam aerodynamic chord. The coefficients and symbols used hsrein 
are &fined as follows: 

c, pitching-moment coefficient 

longi  tudinal-f  orce coef f i c i sn t  
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P 

v 
s 

b 

A 

C 

mass density of air, slugs .per  cubic  foo5 

free-stream  velocity,  feet  per second 

WFng area, square feet 

span of wing, measured normal to  the plane of symmetry, f e e t  

aspeet r a t i o  (b2/5) 

chord of wing, measured 

chord of wing, measured 

man aerodynamic  chord, 

pa ra l l e l  t o  the  plane of s~rmmetry, f e e t  

normal t o  the  leading edge, feet 

f e e t  ..> 
spanwise distance, measured from plane of symmetry, f e e t  

distance of quazter-chord  point of any chordwise sectlan from 
leading edge of root  section,  feet  

distance from leading edge of root chord t o  quarter chord of 

mean aerodynaslic  chord, f e e t  @io 
angle of attack, measured in plans of symmtr;y, degreea 

angle of sweep, positive for sweepback, degreea 

slope of section l i f t  curve, per degree (calculations basad on 
a. = 5.67 i n  this paper) 

pitching  angular  valocity, radians per  aecmd 

pitching-valocity  parameter, ra&iam 

distance from moment reference  point t o  aerodynamic centar of 
mean aerodynamic  chord, positive when moment reference point 
i s  upstream of the aerodynamic center,   feat  

time, seconds 
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The investigation was conducted in the 6- by 6-foot curved-flow 
test section of the Langley stabil i ty  tunnel.  A description of this test 
section and t h e  method by whlch the curved flow is  obtained m y  be found 
i n  reference 3.  

In  the yawing-flow procedure,  described i n  reference 3, the model was 
mounted hor izonbl ly .  The present  pitching-flow procedure differed anly 
in that the model was mounted vertically  (f ig.  2) t o  simulate pitching 
flight. 

Tne models tested (fig.  3 )  constituted a series of ten untapered 
wings a l l  of which had an NACA 0012 eection in planes normal t o  the 
leading edge. Tbse wings had sweep angles of Oo, 45O, and 60° f o r  each 
of three  aspect  ratios (1.34, 2.61, and 5.16) and a sweap angle of -45O 
f o r  aspect  ratio 2.61. The models were r ig id ly  mountsd a t  the quarter- 
chord point of the mean aerodynamic chord on a single horfzontal strut 
which contained a six-component electrical   strain-@@ balancs. (See f ig .  2.) 

L 
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. 
For mounting  purposes, a cut-out which permitted an undesirable pas- 

of air between the strain-ga.ge unit and the wing Was made in all the  models 
excapt wings 5a, 6, 8, and 9. Three of the lomr-aapect-ratio wings (I, 2, 
and 4) were f i t t e d  with f aired canopies which covered the cut-out and 
effectively stopped the leakage. (See f ig .  2. ) 

The tests were  made'at a &ynamlc pressure of 24.9 pounds per square 
foot  which is  equivalent t o  a Mkch numker of 0.13. The angle-of-attack 
range f o r  each wing r&ll f r o m  approxiznately -4O t o  beyond the valm f o r  
maximum l i f t .  

In table I are presented  for  each WFng the sweep angle, aspect  ratio, 
test Reynolds number based on the chord parallel ' to the axis of symmetry, 
test Reynolda number based on the chord normal t o   t he  leading edge, and the 
values of qc/m equivalent  to the four degrees of curvature at which the 
tests were made.  The Raynolds number normal to   t he  le- edge is given 
because recent  thought indicatee that boundary-layer thiclmess and sepa- 
ra t ion depend on the air  velocity and wing chord normal t o  the lea- edg3 
qp the wing. (See reference 4.) 

Corrections f o r  jet-boundary effects  were obtained from unswept-wing 
theory (reference 5 )  and applied  to the angle of attack. Lift and pitching- 
nucent data were corrected  for the ef fec t  of the static-pressure  gradient 
peculiar  to -the curved-flow test section  (reference 3 ) .  No corrections 
ere made f o r  the effects  of blocking,  support-strut tare8 , o r   f o r  any 
effects  ole turbulence an the b o u n m - l a y e r  f l o w .  

RESULTS AND DISCUSSIOFJ 

General 

The static  longitudinal  characteri8tics of the mobls tes ted  (obtained 
from reference 6 and unpublished data) are given i n  figure 4. Since the 
longitudinal-force data obtained in  pitching flow uere not  considered 
suff ic ient ly  accurate  to permit a rel iable  determfnation of % these 

data have bean omitted f r o m  the present  pager. 
Q' 

The values of % and C - L ~  given in  this paper wera obtained by 
measuring the plotted  slopes of and CL against qc/2V. Sample plots  
of this type f o r  the 45O smptback WFng with 2.61 aspect r a t i o  (wing 5 )  are 

coefficients were evident for the test range of qc/2V. The slopes of the  
curve3. ware defined  satisfactorily. 

'1L given in figure 5. In genera, no cons isknt  nonlinear trends of the 
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Pitching Moment Due to Pitching  Velocity 

The variation of the pitching  stabil i ty  derivative (an important 

indication of the danrping of the pitching motion) with l i f t  coefficient is 
given in figure 6. 

I n  the present  investigation, the values of C f o r  each of the winga, 
mq 

with the  exception of the high-aspect-ratio, hi- swept wings, were nearly 
conBtant through the lower lift range. The rapid changes with l i f t  coef- 
f i c i en t  in the values of % f o r  the high-aspect-ratio, highly swept w i n e  

are believed  to have been caused.by  variatiana  in the aerodynamic centers of 
these  Mngs. The pitching-moment curves of figure 4 show the existence Gf 
such variatian8 a t  lift coefficients  corresponding t o  those a t  which the 
variations in C occurred. 

mq 

The  experimental values of C at zero l i f t  are compared in  figures 7 ms 
and 8 with values derived, for wings  of the 
retical   equation 

13- plan f o m ,  f ram the  theo- 

1 
t 

given in reference 7. The value of x', the distance from the moment 
reference point to  the aerodynamic center of the mean aerodynamic chord, 
was in this  investfgation aseumsd t o  be zero. The equation gives a good 
Indication of trends, but  the values are numerically high. These values 

might be expected  to be high since the  induction  factor 

obtained from l i f t ing- l ine  theory which indlcates too ILL& a l i f t  load f o r  
the aspect-ratio range considered. By multiplying  the  value of the  equation 
by an emgirical  factor 0.67, good agreement was reached between theory and 
experiment, especially a t  the hi&er aspect  ratios. It should be noted, 
however, that such an empirical  factor cannot be expected t o  apply for all 
possible callfigurationa, for it would be too large a t  very low aspect 
ratios (as indicated fn fig. 7) and too small at  very high aspect  ratios 
f o r  which the factor  should approach 1.0.  

A was 
A + 6 COS A 

A comparison of the  results f o r  C, (previously  unpublished and 
9 

l imited  in scope t o  wing 5 )  obtained by the osci l la t ion technique (refer- 
ence 1) with those  obtained by the  curved-flow procedure is given in  Figure 9 .  
The osci l la t ion results, through most of the lift range, indicate a higher 
dmqping than m a  found by the curved-flow procedure. This higher damping 
probably remits from the fact   that   the   oacf l la t ion technique  involve8 an 
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additional  derivative cmdL (not taken 
be expected t o  be of such a s i p  &a to 
two experimental  procedures check very 
the  variation of c"p with l i f t .  

into account In f i g .  9) which would 
increase the indicated Q The 
well with regard to the trend of 

Eefect of aspect  ratio.  - The e f f ec t  of aspect   ra t io  upon % i e  
1 

shown in figure 7 to be neglfgible f o r  the unewept wings. As the sweep- 
back angle m a  increased, howenr, aspect   ra t io  had aa increasing effect 
on the magnitude of k. This interdependence of aspect   ra t io  and sweep 

is indicated by the equation given f o r  Q For the cases  considered 

the term  contaFning x ' /c  and @I/.) can be neaec ted  at  l e a s t  for 
low l i f t  coefficients. The derivat im \, theref ore, tends t o  be 

increased by swuep. through t he  t e r m  - 1 ~ 3 m * ~  w t enb  to be 

decreased by sweep through the fac tor  aocos A. A t  very l o w  aspect ratios 
the two ef fec ts  may be almoet equal Fn raagnitude, Fn which case theg would 
cancel one another and result Fn a negligible sweep effect .  A t  Ugh aspect 

24 A + 6 coa A 

tant than t he  fac tor  aocoa A, i n  which case the exgectsd  result of an 
Increase in the angle of sweep would be a negative  Increase In 

ever an increment in C developed because of an increase in aepect ra-tio, 

the change wa6 i n  the negative  direction. 

ems. 
%l 

Effe'ct of sweep.- As discussed in the previous pragragh, the ef fec t  
of sweep w a s  l a r e l y  dependent upon aspect r a t i o .  A t  the lowest aspect 
r a t i o  (1.34), aweep had an Etlmost ne@;li@bb effect on (fig.  8); a t  
the higher a s p c t  ratios, however, fncreaelng the sweep of a wing resulted 
in  an increase in the m i n g  in pitch - a re su l t  similar t o  that attained 
by increaeing the tail len@ of an airplane. For the 60' sweptback w i n g  
with aspect   ra t io  of 5.16, the value of % at zero lift, which was the 
maxhmm value obtained, amounted t o  about half the due that would be 
axpected f o r  a c m v e n t i o d  ai" (reference 1). . 

It may be noted that, according t o  the theory of reference 7, i f  x ' /c  
is a constant (an assumption on which the t h e o r e t f c a l  values contained 
herein were baaed) the   effect  of sweep on % is the same regardless of 

the direction of sweep. The pitching-mmnt results f o r  the sweptforwclrd 
wing, homver, were different  from those f o r  the ewaptback wing. (See 
fig. 4.) w$r most of the lift range, the slope f o r  the sweptback 

wing was positive xhile the C"cL f o r  the eweptforward WFng was negative. 
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The valm of x ' /c then must have been negative  for the sweptback wing 
and positive for the Bweptforward wing. This difference  in X' /C,  aa 
can be seen fram its application in  the equation, may account for a t  least  
a par t  of the difference in  the experinmental values of C, for   the  

P 
. meptback and sweptforward xings having the same geometric properties. 

4 

L i f t  Due t o  Pitching  Velocity 

m e  sampls variationa of cL with qc/m, presented in f f g u r e  5 ,  
are of low magnitude and appear t o  be somewhat e r ra t ic .  It would be 
expected then that gt comgrtrison between the  experimntal values of l i f t  
due to pitching CL shown in  figure 10 and values calculated by use of 

the following equation  (reference 7) 
Q 

w o a d  not be very concluaive. Such a comgarison (f igs. 11 and 12) shows, 
however, that a t  zero l i f t ,  the  experimental and calculated values of 

are in  quali tative agreement, and that because of the low magnitude of the 
values, t he  t heo ry  probably is suff ic ient ly   re l iable  for calculations. 

cL P 

The variation of CL with increase of aspect  ratio was negl ig ib le  
9 

on the  basis of t he  present  investigation. (See f i g .  U.) The effect  of 
sweep upon was negligible a t  the low aspect  ratio  but became larger 

at  the higher  aspect  ratios at which. a s l igh t  decrease in  w i t h  

hcrease   i n  sweep was noted. (see f i g .  12.) 

cLP 

cLa 

The resu l t s  of low-speed t e a t 8  made i n  pitching flow in the Langley 
s tab i l i ty   tunnel   to  determine t he  ef fec t  of independently varying angle 
of aweep and aspect  ratio upon longitudinal rotary derivatives of untapered 
wings indicate t he  following  conclusions: 

1. In general, the trends of the effects  of varying  aspect  ratio and 
sweep as given by available theory were substantiated  in the present 
investigation. Both experfmsntd and theoretical  r03ults indicate that 
the  effects of aspect  ratio and sweep on the  pitching  derivativas are 
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greatly interdependent.  Theoretical valuee of the damping in   pi tch,  
although samswhat hLgher in magnitude, were nearly proportional to the 
experimental values. 

2. With the moment reference  polnt a t  o r  near the wing asrodynamfc 
center, the dmplng-in-pitch  parameter wa8 practically  unaffected by an 
increase  in  aspect r a t i o  f o r  unswept wings. As the sweep angle increased, 
however, 871 increase in  aspect r a t i o  caused an increase in the damping in 
pitch. With canstant  aspect  ratio,  increasing the angle of sweep generally 
increased the danrging in pitch. The maximum damping-in-pitch value obtained 
at zero l i f t  amounted t o  aboxt half the value tha t  would be expected f o r  a 
conventianal  airplane. 

3. The ef fec t  on the lift due to   pi tching of changing aspect ratio or  
sweep was either  negligible o r  small. W l i f t  due t o  pitching  decremed 
slightly with an increase Fn aweep, but  the change was noticeable anly a t  
the higher  aspect ratios. 

Langley Aeronautical  Laboratory 
National Advisory C o d  t t ee  f o r  Aeronautics 

Langley Field, Va. 
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Figure 1. - Stability-axes  system. Positive values of forces, moments, 
and angles are indicated. 
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